Background: Radiation-induced fibrosis, an adverse effect of breast cancer treatment, is associated with functional and cosmetic impairment as well as surgical complications. Clinical reports suggest improvement following autologous fat transplantation, but the mechanisms underlying this effect are unknown. A global gene expression analysis was undertaken to identify genetic pathways dysregulated by radiation and evaluate the impact of autologous fat transplantation on gene expression.
Introduction
With ongoing improvements in cancer care, a growing population of survivors suffer from late adverse effects after radiotherapy (RT), such as radiation-induced fibrosis which results in tissue scarring, induration and contracture. Clinical data relate mainly to radiation-induced fibrosis after breast and head-neck cancer, where RT is commonly used and the impact on both functional and cosmetic outcome is of paramount importance. Radiation-induced fibrosis can adversely influence aesthetic outcomes after breast reconstruction resulting in asymmetry or deformity. Autologous fat transplantation (AFT) has gained significant popularity in the treatment of radiation-induced fibrosis, and has been shown in clinical series to improve the quality of irradiated skin and augment local volume 1 .
Improvements in radiation-induced fibrosis following AFT have been described 2, 3 . However, biological effects have been studied mainly in experimental models 4 -6 and are still not understood fully. Efforts to explain radiation-induced fibrosis, for example, by genetic variation have remained largely inconclusive 7 . The authors 8, 9 have previously reported alterations in global gene expression in irradiated recipient vessels from free-flap breast and head-neck reconstructions, but few studies have been able to describe gene expression patterns in irradiated breast adipose tissue. Furthermore, the effect of AFT on gene expression profiles in humans is largely unknown. Therefore, a complete gene expression profiling analysis of unilaterally irradiated breasts was undertaken and alterations following AFT studied, with the non-irradiated breast as a continuous control.
Methods
Between June 2009 and March 2015, patients with previous breast cancer were invited to participate in this study, which was conducted at the Department of Reconstructive Plastic Surgery at Karolinska University Hospital in Stockholm, Sweden. Women who had undergone previous breast surgery (breast conservation or mastectomy) and adjuvant RT at least 12 months before recruitment, and who required AFT, were included. Women with recurrent breast cancer or systemic inflammatory diseases were excluded. Informed consent was obtained.
Autologous fat transplantation
Fat was harvested using a dry technique, under general anaesthetic. In two patients, tumescent liposuction was performed in one of three AFT sessions owing to a change in choice of method at the unit. The remaining parts of the AFT were performed identically. The fat was injected subcutaneously, as described previously 10 .
Human sample collection
Synchronous bilateral excision biopsies of fat tissue were taken from the irradiated and non-irradiated breast of each woman on two occasions by a single surgeon. The preoperative biopsies were taken immediately before AFT, and the postoperative biopsies approximately 1 year after AFT. Biopsies from the irradiated breast were taken from a location where AFT was planned (ensuring that the previous scar was not included) and in the control breast from the lower pole where the small scar would be less visible. Tissues were stored in either RNAlater ® (Qiagen, Hilden, Germany) or liquid nitrogen and kept at -80 ∘ C for RNA purification, and in formalin for immunohistochemistry. The samples were registered in the Stockholm Medical Biobank. The study was approved by the ethical review board in Stockholm (2008/484-31/2).
RNA extraction
Extraction of RNA was performed using an RNeasy Lipid Tissue Mini kit ® (Qiagen) according to the manufacturer's protocol. RNA quality was analysed by microcapillary electrophoresis using an Agilent Bioanalyzer ® with RNA 6000 Pico Kit and Agilent 2200 TapeStation with RNA ScreenTape (Agilent, Santa Clara, California, USA). The amount of RNA was determined by ultraviolet spectrophotometry with a NanoDrop ® ND-1000 UV-Vis Spectrophotometer (Thermo Scientific, Waltham, Massachusetts, USA). RNA samples were prepared from total RNA (100 ng) for whole-transcriptome expression analysis using a GeneChip ® WT PLUS Reagent Kit (Affymetrix, Santa Clara, California, USA). This kit generates amplified and biotinylated sense-strand DNA targets for hybridization to GeneChip ® Sense Target Array plates. To be eligible for gene expression analysis (microarray), only samples achieving an RNA integrity number of greater than 4⋅8, with a total available quantity of at least 100 ng, were selected. This was carried out by the core facility for Bioinformatics and Expression Analysis at Karolinska Institutet. Human Gene 2.1 ST oligonucleotide microarrays, as described previously 8 . To identify pathways containing the dysregulated genes, data generated from Affymetrix ® arrays were subjected to enrichment testing using Hallmark gene set enrichment analysis Molecular Signatures Database 11, 12 . The method examined whether the occurrence of highly differentially expressed genes (comparing irradiated with non-irradiated samples) in specific pathways is more frequent than expected by chance. It identified pathways affected (upregulated or downregulated) by RT and AFT, providing biological understanding of the processes in the microenvironment.
Analysis I: gene expression alterations in fat after irradiation
To extract genes with expression patterns profoundly affected by RT, the 3000 most upregulated or downregulated genes in irradiated compared with non-irradiated tissues were selected, representing 10 per cent of the most dysregulated genes. The 10 per cent threshold for selection was set in order to extract relevant genes only, but still with a sufficient number to be included for further genetic pathway analysis. A fold change (FC) was calculated for each of the 3000 transcripts by comparing gene expression levels in the irradiated and non-irradiated breast for each patient (FC-pre) ( Fig. 1) . Enriched pathways *Unless otherwise indicated; †values are median (range). ‡The patients underwent delayed breast reconstruction with expander prosthesis between preoperative and postoperative biopsies. §Dose unknown for one patient. AFT, autologous fat transplantation. a Analysis I: -log(P) for difference in gene expression between irradiated versus non-irradiated preoperative biopsies; b analysis II: -log(P) for difference in fold change between biopsies taken before and after autologous fat transplantation (AFT). *Differentially expressed pathways significantly affected by both irradiation and AFT. Dashed line shows the 0⋅050 significance level. 
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After AFT related to irradiation were then identified among the 3000 retrieved genes by using Hallmark analysis, comparing irradiated (+RT) and non-irradiated (-RT) preoperative biopsies.
Analysis II: gene expression reversal in irradiated fat after autologous fat transplantation
FC was calculated for the same 3000 transcripts as in analysis I by comparing the postoperative biopsies of the irradiated and AFT-treated breast with the non-irradiated control (FC-post). Retrieved gene expression FCs could then be compared before and after AFT (FC-pre versus FC-post) for each patient and transcript (Fig. 1) . Genes that were significantly upregulated or downregulated by irradiation before operation, and for which this was reversed significantly by AFT (FC-post close to 1) were further evaluated by Hallmark analysis to identify enriched pathways related to an effect of AFT. Before AFT After AFT
A fold change of 1 (dashed line) indicates no difference in gene expression level between the biopsy pair (irradiated versus non-irradiated breast), whereas deviation from this value indicates dysregulation (upregulation or downregulation) of the gene in the irradiated compared with the non-irradiated breast. AFT, autologous fat transplantation.
Immunohistochemistry
The tissues were fixed in 10 per cent buffered formalin, processed, and embedded in paraffin. Whole-tissue sections were used for immunohistochemistry. Blocks were sectioned at a thickness of 3 μm. CD68 immunostaining (PG-M1 clone; Dako, Carpinteria, California, USA) 13 -15 was performed using a standard immunohistochemistry protocol. The antibody labels human monocytes and macrophages. Immunohistochemistry was carried out using an autostainer (Benchmark XT System; Ventana Medical Systems, Tucson, Arizona, USA) in accordance with the manufacturer's instructions. All slides were then scanned and two independent, blinded collaborators used NDP.view2 (Hamamatsu, Hamamatsu City, Japan) for manual quantification of stained cells. The ratio of cell density (cells per mm 2 ) for irradiated versus non-irradiated tissues was compared before and after AFT.
Statistical analysis
Student's t test was used to test differences between irradiated and non-irradiated biopsies (FC-pre) with paired analysis for each patient, and paired analysis with t test to compare FC-pre and FC-post to detect variations caused by AFT, with the significance level set at 5 per cent. Qlucore Omics Explorer (http://www.qlucore.com) and Microsoft Excel ® were used for statistical calculations. No power calculation was performed because no published data on the effects of AFT on gene expression were available.
Results
A total of 30 patients were enrolled, of whom 21 completed follow-up according to the protocol. Three patients were excluded from further analysis owing to lack of a biopsy pair or death, two patients refused follow-up biopsies and in four patients the preoperative biopsies were of insufficient quality. RNA was purified from all 108 biopsies collected. The biopsy pairs with better RNA quality were retained. Samples from nine patients did not meet the requirements of RNA quality. Two samples were excluded as they were of insufficient quantity. After these exclusions, ten patients remained in the final analysis with both RNA quality and quantity that met the requirements for microarray analysis of the entire genome (Fig. S1 , supporting information).
Patient demographics
Median age at the time of AFT was 53⋅7 (range 31⋅3-70⋅0) years ( Table 1 ). The median radiation dose was 50 (46-60) Gy. Median BMI was 24⋅2 (20⋅8-29⋅1) kg/m 2 at baseline and had decreased to 22⋅9 kg/m 2 at the time of follow-up biopsy. One patient was a smoker and one patient was hypothyroid. Nine women had adjuvant endocrine treatment for breast cancer. The median number of AFT treatments was 2⋅5 (1-4) with a median total fat volume of 160 (82-322) ml. The median interval between the final RT session and AFT was 37⋅4 (12⋅9-170⋅2) months, and that from the last AFT to follow-up biopsy was 14⋅2 (10⋅3-27⋅3) months. There were no surgical complications.
Overview of expression data
Because there were two time points for microarray analysis, array data were subjected to a batch-control analysis; this showed negligible temporal effect, which further validated the reproducibility of the experiment. The gene expression levels in investigated adipose tissue biopsies from the non-irradiated control breasts did not change significantly over time (before versus after AFT), but diverged from those in the irradiated breast both before and after AFT.
Analysis I: gene expression alterations in fat after irradiation
The analysis represented gene expression alterations caused by RT at a median of 37⋅4 months following radiation exposure. Among the 3000 most dyregulated genes (comparing irradiated with non-irradiated biopsies), 45 pathways were altered significantly (P = 1⋅3 × 10 -24 to 0⋅023) in the Hallmark analysis. The false discovery rate (FDR) q-values were low for all pathways (range 6⋅4 × 10 -23 to 0⋅026). This higher gene set enrichment score was demonstrated for overlapping gene sets relating to inflammation, fibrosis, cell adhesion and hypoxia. Epithelial mesenchymal transition (EMT) was the most dysregulated pathway followed by the interferon (IFN) γ response (Fig. 2a) . The gene encoding connective tissue growth factor (CTGF) was one of the most dysregulated (P < 0⋅001), and present in the EMT pathway. The 100 most dysregulated genes are shown in Table S1 (supporting information).
Analysis II: gene expression reversal in irradiated fat after autologous fat transplantation
The analysis showed that 575 (19⋅2 per cent) of the 3000 genes evaluated in analysis I had significantly less variation between the respective sides after AFT than before AFT (FC-pre versus FC-post). AFT significantly altered FC values for CTGF (P = 0⋅004). Hallmark analysis of the 575 genes showed 13 enriched pathways (all among the enriched gene sets in analysis I) (P = 1⋅0 × 10 -4 to 0⋅013; FDR range 5⋅1 × 10 -4 to 0⋅050). IFN-γ was most affected by AFT (P = 1⋅1 × 10 -5 ) followed by hypoxia (P = 6⋅4 × 10 -5 ) ( Fig. 2b ; a complete list is available in Table S2 , supporting information). FC values before and after AFT are shown for genes involved in the IFN-γ and hypoxia pathways in Figs 3 and 4 respectively.
Immunohistochemistry
Of the ten patients included in the gene expression analysis, one lacked a preoperative biopsy for immunohistochemistry, and four did not have enough tissue or samples with adequate stain quality for cell counting in one of four biopsies. Biopsies from the remaining five patients were examined by two blinded evaluators. In all patients except one, the macrophage ratio (irradiated versus non-irradiated) was lower after AFT (Fig. 5) .
Discussion
The present study has shown that AFT can alter RT-induced gene expression patterns in humans. Using a global gene expression strategy, with enrichment testing, this effect was most prominent in pathways involved in inflammation, fibrosis and hypoxia. The prospective setting with validated internal controls provided by each patient's non-irradiated breast provided a good opportunity to elucidate the mechanisms underlying AFT in irradiated women. The study also included a global analysis of genes that are dysregulated by irradiation in human adipose tissue, and the findings are supported by those of earlier studies in other tissues and/or species. The most enriched pathway in the irradiated breast before AFT was EMT, which is known to be activated by irradiation in other tissues 7,16 -18 . EMT has also been shown to be activated by CTGF 19 , which was also one of the most highly expressed genes after irradiation in the present study. In a recent review of AFT in radiation-induced fibrosis 17 , one-third of studies recognized CTGF to be highly involved in fibrotic cascades, and three studies suggested hypoxia as the stimulus for the fibrotic response. However, none of the studies included in this review involved human tissues. Other recent work 20 has shown that reducing CTGF gene expression in vivo, using a lentivirally delivered small hairpin RNA, can protect flap tissues from fibrosis after RT, which further supports a pivotal role for CTGF in this context. Therapeutic studies using a monoclonal antibody targeting CTGF have also shown a reduction in the fibrotic burden in RT-induced pulmonary fibrosis 21 . The present findings of highly dysregulated CTGF gene expression in human breast adipose tissue therefore represent a highly relevant contribution to the literature.
The second most enriched pathway in the analysis of AFT treatment effects (analysis II) was hypoxia, where a majority of the dysregulated genes had FC values closer to 1 after AFT (an FC value of 1 indicated no difference between non-irradiated and previously irradiated breasts). This is particularly interesting because hypoxia is regarded as a hallmark of radiation-induced fibrosis and is caused by postradiation vasculopathy 8,22 -24 . Tissue hypoxia is associated with perivascular matrix deposition and induction of extracellular matrix synthesis 17, 25 . Luan and colleagues 26 and Garza et al. 6 showed less hypovascularity in previously irradiated skin after AFT in mice. In addition, Garza and co-workers showed decreased dermal thickening and collagen deposition. Rigotti and colleagues 3 treated 20 patients with severe-to-irreversible adverse effects of irradiation (LENT-SOMA grade 3-4 damage) with autologous purified fat cell transplantation, with all but one patient showing a significant improvement in symptoms. Electron microscopy before AFT showed patterns consistent with radiation-induced ischaemic lesions and scleroderma; after operation, a gradual improvement and normalization of the microcirculation was observed, with greater hydration and less fibrosis. Rigotti et al. also noted increased macrophage influx after RT and reported a reduction in this following AFT. These reports are consistent with the present findings that AFT reduced hypoxia and fibrosis pathway expression, together with reduced macrophage density, and contribute to a biological understanding of the clinical success of AFT.
Interestingly, the IFN-γ response, known to be associated with inflammatory responses to ionizing radiation 22, 27, 28 , was the second most enriched pathway in the evaluation of radiation effects (analysis I) and the most enriched pathway in analysis of AFT treatment effects (analysis II). Inflammatory cytokines play a pivotal role in the development of fibrosis. The present results showed that both innate and adaptive inflammatory networks are activated years after RT in adipose tissue. This is in itself a valuable finding because there is a paucity of studies on the effects of RT in human adipose tissue. In one such investigation, Poglio and co-workers 29 showed a severe decrease in proliferating cells, as well as a significant increase in apoptotic cells in inguinal fat pads, following radiation exposure in mice. A decrease in the proliferation and differentiation capacities of non-haematopoietic progenitors was also observed following irradiation. These results indicated that subcutaneous adipose tissue is very sensitive to irradiation, leading to a profound alteration in its developmental potential. Poglio et al. suggested that AFT with mesenchymal stem cells may have a role in reversing injury as a potential treatment for radiation-induced fibrosis in skin and subcutaneous fat. A trend towards reduced macrophage density was observed in irradiated adipose tissue after AFT in the present study. Further in-depth studies looking at the specific role of macrophages in adipose tissue after irradiation and AFT are needed as macrophages are known to be master regulators of inflammation and fibrosis 30 .
Limitations of the study need to be acknowledged. The global gene expression strategy used here enabled the identification of several pathways involved in radiation injury as well the effect of AFT on irradiated tissues, but did not allow detailed analysis of a specific mechanism. The study was, however, designed intentionally to investigate the main networks activated in a wider perspective. The small number of patients may be regarded as a limitation, but having the non-irradiated breast as a control both before and after AFT enabled paired analysis and increased the power significantly. This is in line with previous studies 8, 24 with similar design and sample size performed on conduit vessels.
The present study has shown enriched gene expression pathways associated with sustained inflammation, fibrosis and hypoxia several years after radiation exposure in irradiated compared with non-irradiated breast. Furthermore, AFT attenuated radiation-induced dysregulated gene expression patterns related to the same pathways. This effect of AFT on inflammation and hypoxia, together with the identification of a consistent and uniform pattern of genes expressed differentially between the irradiated and non-irradiated breast, has generated new perspectives for future research. The study has also provided biological support for the potential of AFT to be used clinically to ameliorate radiation-induced fibrosis. 
